Hexabromocyclododecane (HBCDD), an additive brominated flame retardant routinely added to various consumer products, was reported to have toxic effects upon biota, including endocrine disruption. In this study, the potential toxicity of HBCDD was tested in peripubertal rat Leydig cells in vitro during 6 h exposure. HBCDD inhibited human chorionic gonadotropin-and forskolin-supported cAMP accumulation and steroidogenesis. It also inhibited basal cAMP production, but elevated basal steroidogenesis. The expression of several cAMP-dependent genes, including steroidogenic acute regulatory protein, cholesterol side chain cleavage enzyme, and 3β-hydroxysteroid dehydrogenase, was also inhibited by HBCDD treatment. Nevertheless, this was not accompanied by a decrease in steroidogenic acute regulatory protein expression, as documented by western blot analysis, and activity of steroidogenic enzymes, as documented by unaffected steroidogenesis in the presence of permeable 22(R)-hydroxycholesterol. However, HBCDD caused significant decrease in mitochondrial membrane potential in untreated and human chorionic gonadotropin-treated cells. This indicates that HBCDD acute toxicity in Leydig cells reflects changes in mitochondrial membrane potential-dependent cAMP production and basal and cAMP-regulated cholesterol transport. This in turn facilitates basal but inhibits cAMP-dependent steroidogenesis. Acute effects of HBCDD treatment on transcription are also indicative of its sustained effects on Leydig cell function.
Introduction
is an additive brominated flame retardant, routinely added to various consumer products because of its fire protecting properties. Its main application is in polystyrene foams used as thermal insulation in buildings, as a fire retardant in upholstery textiles, and to lesser extent in electronic equipment (Covaci, 2006) . The substance was introduced as a commercial product in 1960s (Marvin et al., 2011) . Its worldwide consumption in 2001 was estimated to be 16700 metric tons and about 57% demand was centered in Europe (Hale et al., 2006 , Szabo et al., 2010 . With the ban of all diphenyl ether commercial mixtures, HBCDD production and usage further increased, and the compound has been detected in all environmental matrices, including biota (Szabo et al., 2010) . HBCDD is categorized as persistent organic pollutants and it is currently on the European Chemicals Agency candidate list of high concern substances, while the U.S. Environmental Protection Agency is considering adding it to the list of chemicals of concern (for references see Schecter et al., 2012) .
The main route for human exposure is via dust inhalation and diet, especially fish consumption. It is shown that concentration of HBCDD in fish range from 9 to 1110 ng/g lipid. In general population, measurable HBCDD concentrations varied between 0.35 and 1.1 ng/g lipid of median blood values (Covaci et al. 2006) , whereas the occupationally exposed workers showed higher concentrations in serum, ranging from 6 to 856 ng/g lipid (Thomsen et al., 2007) . There is also experimental data showing toxicity of HBCDD. Most striking observations are enlargements of liver, with the induction of phases I and II drug metabolizing enzymes (Canton et al., 2008 , Germer et al., 2006 , and disrupted thyroid hormone homeostasis in rat (Canton et al., 2008 , Ema et al., 2008 . Neurotoxicity of HBCDD is also shown in both in vitro (Mariussen and Fonnum, 2003 , Reistad et al., 2006 , Dingemans et al., 2009 , and in vivo studies (Saegusa et al. 2009 ), including impaired spontaneous behavior, learning, and memory in mice (Eriksson et al., 2006) .
It has also been suggested that HBCDD isomers could act as reproductive endocrine disruptors. Specifically, they could act as androgen, progesterone, and estrogen receptor antagonists as well as moderate to strong thyroid receptor agonists . Reproductive toxicity was investigated in one-generation study in rats of both sexes (van der Ven et al., 2009) , and HBCDD exhibited no significant disruption, except a decrease in the testis weight in F1 males. In the two-generation study done by Ema et al. (2008) , decreased number of primordial follicles in ovary of F1 rats and higher mortality of F2 pups were observed when F0 female and male rats were treated by 1500 and 15000 ppm HBCDD. Furthermore, adult male rats exposed to technical HBCDD at 15000 ppm dose had decreased epididymides, reduced sperm counts, and the lateral sperm head displacement. In F1-generation male rats no alterations in gross testicular histology were noted in comparison with controls (Ema et al., 2008) .
At the present time, there are no data regarding the mechanism of HBCDD action in gonads. This includes the lack of information about the status of testicular steroidogenesis in vivo and in vitro in the presence of HBCDD. Here we used the primary culture of rat Leydig cells from peripubertal rats to estimate the potential HBCDD toxicity on this testicular cell type. Animals in this developmental stage are frequently used to investigate in vivo effects of endocrine disruptive compounds (Stoker et al., 2000 , Friedmann, 2002 , Akingbemi et al., 2004 , Pogrmic et al., 2009 , because this is the most sensitive age when the interactions between hypothalamus, pituitary and gonads start to occur and changes in gonadal function have profound effects on establishment of this axis (Ge et al., 2007) . The focus in our study was on basal and agonist-stimulated androgen production in Leydig cells with the emphasis on the cellular effectors for HBCDD, intracellular signaling pathways affected and the steroidogenic gene expression profile during the acute (6 h) exposure to this compound.
Material and Methods

Chemicals
1,2,5,6,9,10-Hexabromocyclododecane (95%), medium 199 with Earle's salts and Lglutamine (M199), Dulbecco's modified Eagle's medium/nutrient mixture F-12 Ham, 15 mM HEPES (DMEM/F12), percoll, bovine serum albumin (BSA) fraction V, collagenase type IA, cholesterol, 22(R)-hydroxycholesterol, 3-isobutyl-1-methylxanthine (IBMX), celecoxib, sulphorodamine B, BAPTA-AM, KT5823, penicillin, streptomycin, EDTA, phosphoric acid b-glycerophosphate, tergitol (Niaproof 4, type 4), dithiothreitol, leupeptin and aprotinin were obtained from Sigma-Aldrich Company (Munich, Germany). Tetramethylrhodamine ethyl ester perchlorate (TMRE) was obtained from Fluka (St. Gallen, Switzerland), and human chorionic gonadotropin (hCG; Pregnyl, 3000 IU/mg) was obtained from Organon (West Orange, NJ).
Primary Leydig cell culture and treatments
Experiments were conducted on Leydig cells obtained from 51 days old Wistar rats raised in animal facility at the Department of Biology and Ecology (University of Novi Sad) under controlled environmental conditions (temperature 22 ± 2 °C and 14 h light/10 h dark) with food and water ad libitum. Experiments were approved by the Ethics Committee for Protection and Welfare of Experimental Animals at University of Novi Sad and conducted in accordance with the statements of National Law for Animal Welfare (copyright March 2009). Isolation and purification of Leydig cells was performed as previously described (Andric et al., 2008 , Pogrmic-Majkic et al., 2010 . Leydig cells were seeded in 24-well plates (250000 cells/500 μl DMEM/F12 /well and allowed 3 h to attach before applying HBCDD for 6 h at doses: 0, 1, 2, 5 and 10 μM in the absence (basal) and presence of hCG (0.125, 0.25, 1 and 10 ng/ml). Incubations were done at 35 °C, in 5% CO 2 atmosphere. Treatments in the presence of cholesterol (20 μM) or 22(R)-hydroxycholesterol (20 μM) were performed to localize the step in steroidogenic process that is affected by the treatment. For testing involvement of different signaling pathways in toxic response, experiments were conducted in the presence of 1 mM IBMX, a non-specific inhibitor of phosphodiesterases (PDEs), forskolin (0.1, 1, 10 μM), an adenylyl cyclase (AC) activator, BAPTA-AM, an intracellular Ca 2+ chelator, KT5823, a protein kinase G inhibitor, or celecoxib (5 and 15 μM), an inhibitor of cyclooxygenase-2 (COX-2) activity. HBCDD and different inhibitors/ activator were dissolved in dimethyl sulfoxide in a way that enables its final percentage in incubation medium (0.1% BSA DMEM/F12) to be 0.1% in all groups, including control. After the treatment, cell-free media were collected and stored at −70 °C prior to measurement of cAMP, cGMP, progesterone and androgens. For the measurement of the cellular content of cAMP in both basal and hCG (0.125 ng/ml)-treated cells in the absence and presence of 10 μM HBCDD, Leydig cells (250000 cells/well) were scraped and lyzed in absolute ethanol, dried and dissolved in 0.25 ml of 0.1% BSA phosphate buffer containing 1 mM IBMX. For gene expression, Leydig cells were seeded in petri dishes (1×10 6 /2 ml DMEM/F12/dish) and treated according to conditions described above.
Hormone and cAMP/cGMP measurements
Androgen and progesterone levels in the collected incubation medium were estimated by radioimmunoassay as described in Andric et al. (2000) . Anti-testosterone-11-BSA serum no. 250 and anti-progesteron-11BSA serum no. 337 were kindly supplied by Dr. Niswender (Colorado State University, Fort Collins, CO), while [1,2,6,7 3 H(N)] labeled testosterone and [1,2,6,7 3 H(N)] labeled progesterone were obtained from the New England Nuclear (Brussels, Belgium). Each experiment was run in a single assay (sensitivity 6 pg/tube; intraassay variation coefficient was 5-8%). Androgen levels are referred to as testosterone + dihydrotestosterone (T + DHT) levels, because the anti-testosterone serum used in the assay has a high cross-reactivity with DHT. Progesterone measurements were also done in one assay (sensitivity 6 pg/tube; intra-assay variation coefficient 6-8%). Levels of cAMP and cGMP accumulated in incubation medium were estimated by the cAMP and cGMP EIA Kit (Cayman Chemicals, Ann Arbor, MI), which typically display an IC 50 (50% B/B 0 ) value of approximately 0.5 pmol/ml for acetylated cAMP/cGMP samples and permits a detection limit of 0.1 pmol/ml (at 80% B/B 0 ).
Quantitative RT-PCR analysis
The total RNA was isolated from Leydig cells incubated for 6 h in the absence or presence of different concentrations of HBCDD using RNAqueous-4PCR Kit (Ambion, Austin, TX), and subsequently treated with DNase I in order to eliminate any residual genomic DNA. 1 μg of total RNA was reverse transcribed to cDNA using High Capacity Reverse Transcription Kit with RNase inhibitor (Applied Biosystems, Foster City, CA). All procedures were conducted according to manufacturer's instructions. Quantitative RT-PCR was performed on 7900HT Fast Real-Time PCR System (Applied Biosystems), using standard PCR settings in SDS Software (Applied Biosystems). The primers were designed by using software Primer Express 3.0 (Applied Biosystems) and full gene sequences from National Center for Biotechnology Information (NCBI) Entrez Nucleotide database (www.ncbi.nlm.nih.gov/sites/entrez). The Power SYBR Green PCR Master Mix was used according to supplier's instruction for gene expression analysis. The reaction volume was set to 12.5 μl, with 2.5 μl of template cDNA. Primers were used in final concentration of 500 nM. After PCR reaction was finished, a melting curve analysis was performed to ensure that single product was generated. Relative gene expression calculation was performed by using RQ Manager Software (Applied Biosystems), which utilizes 2 −ΔΔCt quantification method. Expression of all genes was normalized to the expression of Ectonucleotide pyrophosphatase/phosphodiesterase 1 (Enpp1), which was used as endogenous control. Each sample was run in duplicate for each of the four independent experiments.
Mitochondrial membrane potential assay
Change in the mitochondrial membrane potential (ΔΨm) was determined by measuring uptake and accumulation of potentiometric dye, tetramethylrhodamine ethyl ester perchlorate (TMRE). Assay was done according to Allen et al. (2006) with slight modifications. Briefly, cells were seeded in 96-well fluorescence assay plate (100.000 cells/ 200 μl culture medium/well), allowed to attach and treated for 6 h with different doses of HBCDD in the absence and presence of 0.125 ng/ml hCG. After the treatment, culture media were removed and cells were incubated in 200 μl of 10 μM TMRE at 35 °C for 20 min. TMRE media were aspirated, cells were washed twice with warm 0.1% BSAphosphate buffer and then 200 μl of this buffer was added for fluorescence measurement using a Fluoroscan Ascent FL plate reader (ThermoFisher, Waltham, MA). TMRE fluorescence was measured using an excitation of 550 nm and an emission at 590 nm. Obtained fluorescence values are proportional to the magnitude of ΔΨm. Results are presented as percentage of fluorescence in treated cells versus fluorescence in control group, which is expressed as 100%.
Cell viability test -sulforhodamine B assay
To determine whether HBCDD treatment was cytotoxic, sulforhodamine B assay was carried out. Briefly, cells were seeded in 96-well plate (10 5 cells/200 μl culture medium/ well), treated for 6 h with different doses of HBCDD and at the end of the treatment fixed for 1 h at 4 °C by 50 μl of 50% w/v trichloroacetic acid per well. After fixation, the cells were washed five times with distilled water, and stained with 50 μl of 0.4% sulphorhodamine B in 1% acetic acid for 30 min. The cells were washed five times with 1% acetic acid and air-dried. The stain was solubilized in 10 mM tris(hydroxymethyl)aminomethane (pH 10.5) and light absorption was measured using the plate reader set on 492 nm, with reference wavelength 690 nm. Neither of the tested HBCDD doses caused cytotoxicity.
Western blot analysis
This analysis was carried out according to the previously published procedure (Kostic et al, 2011) . Briefly, after lysis of Leydig cells, protein concentration was determined using BCA protein assay kit (BioRad, Hercules, CA). Proteins were separated by SDS page and transferred to PVDF membrane. Membrane was blocked in 5% non-fat dry milk following overnight incubation at 4 °C with StAR antibody kindly provided by Dr. D. M. Stocco (Texas Tech University, Health Science Center, Lubbock, TX, USA). Immunoreactive bands were visualized using a chemiluminescence system ECL (GE Healthcare, Pittsburgh, PA). The intensity of protein bands was quantified by using ImageJ software (http:// rsbweb.nih.gov/ij) and normalized against GAPDH (Cell Signaling, Denvers, MA).
Statistical analysis
Each experiment was run at least three times. Data are expressed as mean ± SEM. Comparison between multiple groups was done by one-way ANOVA, followed by Dunnett's, or Newman-Keuls multiple-range post-hoc test, while Mann-Whitney test was used when only two groups were compared, with p < 0.05 considered as a significant difference.
Results
HBCDD stimulates basal and inhibits hCG-supported steroidogenesis
The potential toxicity of HBCDD on steroidogenesis in peripubertal rat Leydig cells in vitro was tested in the absence (basal) and presence of hCG, an agonist for luteinizing hormone (LH) receptor expressed in Leydig cells. HBCDD was applied in 1 to 10 μM concentration range for 6 h. When Leydig cells were incubated in HBCDD-containing medium without hCG, a concentration-dependent increase in androgen and progesterone levels in culture medium was observed (Table 1, Fig. 1A ). However, HBCDD was without effect when applied in the presence of medium (1 ng/ml) and high/saturated (10 ng/ml) concentrations of hCG. Furthermore, in the presence of low hCG (0.125 and 0.25 ng/ml), HBCDD significantly decreased androgen production in a concentration-dependent manner (Table 1) . hCG-supported progesterone production was also significantly inhibited (Fig. 1B) . These results indicate the opposite effects of HBCDD on steroidogenesis in the presence and absence of hCG.
HBCDD inhibits basal and hCG-supported cAMP accumulation
Because the cAMP pathway in Leydig cells dominantly regulates steroidogenesis in Leydig cells (Stocco et al., 2005) and cGMP contributes to this process (Andric et al., 2007) , we examined cAMP and cGMP accumulation in culture medium in basal and low hCGstimulated conditions in the presence and absence of HBCDD. In contrast to steroidogenesis, HBCDD caused significant reduction of cAMP accumulation in culture medium in the absence and presence of hCG. The inhibitory effect of HBCDD on cAMP accumulation was also observed in the presence of saturated concentration of hCG (two fold decrease compared to control), although the androgen production was not affected (Table 1) . Furthermore, the level of extracellular cGMP was affected by HBCDD neither in the absence or presence of hCG ( Fig. 1C and D) . Finally, HBCDD stimulatory effect on steroidogenesis was also visible in the presence of KT5823, a specific protein kinase G inhibitor (data not shown). Thus, HBCDD specifically inhibited cAMP accumulation in medium and there was dissociation between the status of cAMP and progesterone/androgen accumulation in medium in HBCDD-treated cells in the absence of hCG.
HBCDD does not affect phosphodiesterase and cAMP efflux pump activities
In general, the released cAMP levels reflect a balance between three cellular processes: cAMP release from the cells by cyclic nucleotide transporters, intracellular degradation of cAMP by PDEs, and de novo production of cAMP by ACs. A concentration-dependent decrease in cAMP release in HBCDD treated cells could reflect inhibitory effect of this compound on cyclic nucleotide pump activity, leading to accumulation of cAMP and cGMP in cells. Contrary to this prediction, cellular content of cAMP in both basal and hCGsupported conditions showed similar fold reduction: basal = 1.5 ± 0.1 (controls) vs. 1 ± 0.1 pmol/ml (10 μM HBCDD-treated group); hCG-supported = 2.4 ± 0.1 (controls) vs. 1.6 ± 0.1 pmol/ml (10 μM HBCDD-treated group).
If HBCDD acts as a facilitator of cAMP-specific PDEs, this should decrease cAMP intracellular levels and subsequently the released levels of this messenger. To test the relevance of PDEs in HBCDD inhibitory action on cAMP accumulation intra and extracellular, we used 1 mM IBMX, a concentration that inhibits the majority of these enzymes. Due to the inhibition of PDE activity, an increase in cAMP and therefore increase in androgen production should be expected in Leydig cells incubated in IBMX-containing medium. Obtained results confirmed this hypothesis, i.e., cAMP and androgen levels increased in both basal and hCG-supported conditions in the presence of IBMX. However, the inhibitory effect of HBCDD on cAMP production and the opposite effects of this compound on basal and hCG-supported steroidogenesis were still visible (Fig. 2) , similarly to those observed in IBMX-free medium (Fig. 1) . Thus, it is unlikely that HBCDD facilitates the cAMP-specific PDE activity.
HBCDD inhibits forskolin-supported AC activity
Inhibitory effect of HBCDD on hCG-supported cAMP accumulation does not clarify how it inhibits cAMP accumulation, at LH/hCG receptor level, signaling from receptors to G proteins to AC, or inhibiting AC activity independently of G protein activation of this enzyme. To study whether HBCDD affects AC activity, we checked the effect of HBCDD application on cAMP accumulation in the presence of 0.1, 1.0 and 10 μM forskolin, a wellknown AC activator, in basal and hCG-supported conditions. Figure 3 shows that forskolin stimulated cAMP production in a concentration-dependent manner (A) and enhanced hCGstimulated cAMP production (B). The inhibitory effect of HBCDD on cAMP accumulation in medium was preserved in cells treated with forskolin in all concentrations under basal and hCG-supported conditions, clearly indicating its direct inhibitory effect on AC activity. HBCDD-induced facilitation of basal and inhibition of hCG-stimulated steroidogenesis was also observed but only at low forskolin concentrations ( Fig. 3B and D) . The lack of modulation of steroidogenesis by HBCDD at higher forskolin concentration is consistent with finding that maximal streoidogenesis is reached before maximal production of cAMP (Mendelen et al., 1975) . In basal conditions, 10 μM forskolin-stimulated cAMP production was 12-fold higher than that induced by applied hCG concentration and enhancement for 0.1, 1 and 10 μM forskolin was 2, 11-and 77-fold higher than hCG stimulated cAMP production, respectively.
HBCDD alters the steroidogenic gene expression profile
qRT-PCR analysis of basal gene expression of steroidogenic machinery elements revealed significant inhibition of scavanger receptor B1 (Scarb-1), steroidogenic factor 1 (Sf-1), androgen receptor (Ar) and 3β-hydroxysteroid dehydrogenase 1/2 (Hsd3b1/2). The only gene whose expression was stimulated was cyclooxygenase 2 (Cox-2) by 12 fold.
Unaffected were: LH receptor (Lhr), translocator protein (Tspo), steroidogenic acute regulatory protein (Star), cholesterol side chain cleavage enzyme (Cyp11a1), 17α-hydroxylase/C17-20-lyase (Cyp17a1), 17β-hydroxysteroid dehydrogenase 3 (Hsd17b3) and dosage-sensitive sex reversal, adrenal hypoplasia critical region, on chromosome X, gene 1 (Dax-1) (Fig. 4A) . In hCG-supported conditions, there were number of genes, which expression was significantly downregulated by HBCDD treatment, including ones that were shown to be affected in basal conditions. Downregulated genes were: Scarb-1, Star, Sf-1, Ar, Cyp11a1 and Hsd3b1/2 (Fig. 4B) .
HBCDD affects cholesterol transport to mitochondria
To test whether HBCDD affects cholesterol transport into mitochondria, a rate-limiting step in steroidogenesis, two experiments were performed. Because StAR regulates cholesterol transports and our gene expression analysis indicated a decrease in StAR mRNA transcription, suggesting that downregulation of this protein may account for inhibited hCGsupported steroidogenesis. However, our Western blot analysis for StAR protein expression from three independent experiments indicated no obvious differences in the expression of 30 kDa form of StAR in HBCDD-treated cells compared to controls hCG-stimulated conditions (data not shown), arguing against this hypothesis.
In the second experiment, cells were bathed in the presence and absence of hCG in combination with cholesterol (20 μM) or 22(R)-hydroxycholesterol (20 μM). It is known that cholesterol needs to be actively transported into mitochondria, whereas 22(R)-hydroxycholesterol easily diffuses to inner membrane of mitochondria (Liu and Stocco, 1997) . In the presence of 22(R)-hydroxycholesterol, steroidogenesis was normal, indicating that CYP11A1 and 3βHSD activities were not affected during 6 h exposure to this compound. In contrast, in the presence of cholesterol significant inhibition of hCGsupported and stimulation of basal steroidogenesis remained (Fig. 5) . This data indicate that HBCDD toxicity could be associated with cholesterol transport to inner mitochondrial membrane independently of the status of StAR protein expression.
HBCDD alters steroidogenesis in a calcium and COX-2-independent manner
COX-2 is an arachidonic acid metabolizing enzyme and its products, prostaglandins, exhibit constitutive inhibitory action on steroidogenesis (Wang et al., 2003) . Because our results indicated to a 12-fold up-regulation of Cox-2 expression in basal conditions, we examined the potential physiological relevance. To do this, we tested the effect of HBCDD on steroidogenesis in the presence of celecoxib, an inhibitor of COX-2. Observed results indicated that celecoxib did not interfere with HBCDD-induced stimulation of basal androgen production. However, at high concentration (15 μM) celecoxib facilitated basal steroidogenesis in the presence and absence of HBCDD (Fig. 6A) , which is consistent with a finding that inhibition of COX-2 activity increases the sensitivity of steroidogenesis to cAMP (Wang et al., 2003 , Stocco et al., 2005 .
We also tested possibility whether it is disrupted level of intracellular calcium that is more directly involved in stimulated basal steroidogenesis, by performing treatments in the presence of intracellular calcium chelator BAPTA-AM (20 μM). Figure 6B shows that in the presence of BAPTA-AM, HBCDD induced stimulation was retained, indicating that calcium signaling is not critical for the action of this compound.
HBCDD inhibits ΔΨm in Leydig cells
According to literature data (Midzak et al., 2006) , stimulation of basal steroidogenesis accompanied with inhibition of hCG stimulated steroidogenesis may occur due to disruption of ΔΨm. Led by these findings, we examined ΔΨm in Leydig cells after 6 h of HBCDD treatment in basal and hCG (0.125 ng/ml)-stimulated conditions, using the potentiometric dye TMRE. Data indeed revealed that HBCDD is causing a significant decrease in ΔΨm by 14% and 29% in basal and by 33% and 42% in hCG-stimulated conditions when Leydig cells are treated with 5 μM and 10 μM, respectively ( Table 2) . The values of ΔΨm in control cells incubated either in the absence or presence of 0.125 ng hCG were similar (fluorescence, arbitrary units: 3605±240 vs. 3047±210 (data from 3 independent experiments).
Discussion
Here we show for the first time that exposure to HBCDD has several adverse effects on Leydig cell function in the absence and presence of hCG. In both experimental conditions, it inhibits cAMP production. However, it has bidirectional effect on steroidogenesis, stimulating basal and inhibiting hCG-supported progesterone and androgen accumulation. Because activation of cAMP/PKA pathway by LH/hCG receptor agonists is the main pathway regulating steroidogenesis (Stocco et al., 2005) , it is logical to conclude that reduced cAMP levels in HBCDD-treated cells challenged with hCG account for or contributes to downregulated steroidogenesis, whereas stimulation of basal androgen production at reduced cAMP levels indicates an additional, cAMP-independent action of this compound. Consistent with down-regulation of cAMP production, HBCDD treatment also inhibited expression of several genes, but this effect appears not to play a role in acute modulation of steroidogenesis. Although very complex, these direct acute effects on Leydig cell function could be explained by a single action of HBCDD on ΔΨm.
To clarify a mechanism by which HBCDD inhibits cAMP accumulation, we analyzed several steps in this signaling pathway. In general, levels of cellular cyclic nucleotides are determined by the rate of their synthesis by ACs and guanylyl cyclases, the rate of their degradation by PDEs, and the activity of specific efflux pumps (Stojilkovic et al., 2012) . It is unlikely that HBCDD is affecting the functionality of cAMP efflux pumps, because similar fold reduction in cAMP accumulation was detected in cellular content and in culture medium, both in basal and in hCG-supported condition. In IBMX-treated cells the effect of HBCDD was also not abolished, further indicating that it does not stimulates PDEs.
The inhibitory effect of HBCDD on cAMP accumulation in the presence of low and high forskolin concentrations clearly indicates that the catalytic activity of these enzymes is affected by HBCDD in a concentration-dependent manner. All classes of AC catalyze the conversion of ATP to cAMP and pyrophosphate and HBCDD significantly reduces ATP production in other cell types (Hinkson and Whalen, 2009) , suggesting that the reduced intracellular ATP could accoun for reduction in cAMP production in Leydig cells. In parallel to our experiments, others have shown that myxothiazol, a mitochondrial transport chain inhibitor, attenuated LH-stimulated cAMP production and steroidogenesis in Leydig cells. They also detected a strong inhibition of ATP production in the presence of myxothiazol, suggesting that downregulation of cAMP production could be the consequence of diminished ATP production (Midzak et al. 2006 ).
More recently, the Midzak's group also reported that decrease in ΔΨm by blocking the electron transport chain by carbonyl cyanide m-chlorophenyl hydrazone leads to decreased synthesis of ATP, and testosterone in LH-stimulated primary rat Leydig cells. The authors also stressed that primary Leydig cells dependent almost completely on mitochondrial respiration for their ATP supply, and therefore electron transport chain, ΔΨm, and ATP synthesis cooperatively affected steroidogenesis (Midzak et al., 2011) . Consistent with these data, our results show that HBCDD caused drop in ΔΨm by 33% in basal conditions and by 42% in hCG-stimulated conditions. Thus, it is reasonable to conclude that HBCCD-induced drop in ΔΨm causes downregulation of ATP production, which in turn reduced agonist-and forskolin-stimulated cAMP production and cAMP-dependent steroidogenesis.
cAMP dependence of steroidogenesis is related to StAR function, a protein that is involved in cholesterol transfer to inner mitochondrial membrane, which is the rate-limiting step in the production of steroid hormones. The transfer occurs through a complex termed the "transduceosome", in which cytosolic StAR interacts with outer mitochondrial membrane translocator protein and voltage-dependent anion channel to assist with the transfer of cholesterol (Rone et al., 2012) . Because expression of Star is a cAMP-dependent process, we examined the status of Star expression. Downregulation of StAR mRNA expression was observed after 6 h HBCDD treatment in the presence of hCG, but was not accompanied by a significant decrease in StAR protein expression, suggesting that preexisting mRNA is sufficient to keep normal expression of StAR protein. However, phosphorylation of StAR by PKA is required for maximal steroidogenic activity (Rone et al. 2009 ) and thus it is reasonable to conclude that decreased level of cAMP in HBCCD-treated cells account for downregulation of StAR function, causing inhibition of facilitated steroidogenesis. Certainly, it is also reasonable to suggest that sustained HBCDD treatment will affect StAR protein expression and have more severe effects on Leydig cell steroidogenesis, which should be tested in further experiments.
At inner mitochondrial membrane, conversion of cholesterol to pregnenolone is controlled by CYP11A1, pregnonolone is further metabolized by the action of 3βHSD to progesterone, conversion of progesterone to androstenedione is catalyzed by CYP17A1, and 17βHSD converts androstenedione to testosterone (Payne and Youngblood, 1995) . PKA also upregulates transcription of genes for these enzymes through the orphan receptor SF-1, which requires at least four hours for increase in mRNA transcripts to be observed and 12 hour to reach its maximum (John et al., 1986; Sewer and Waterman, 2001 ). The HBCDD induced downregulation of several genes, including Sf-1, shown here is in accordance with decreased levels of cAMP. However, steroidogenesis was not altered by HBCDD in cells bathed in medium containing the mitochondria permeable 22(R)-hydroxycholesterol, indicating that steroidogenic enzyme expression at protein levels and their activity was not significantly affected during 6 h exposure. However, this does not exclude the sustained effects of HBCDD on steroidogenesis due to down regulation of steroidogenic enzyme expression at protein level, an issue that should be addressed in future experiments.
The opposite effect of HBCDD on cAMP and androgen productions in the absence of hCG clearly indicates the existence of an additional mechanism of HBCDD action in Leydig cells. Consistent with our data, myxothiazol has bidirectional effects on steroidogenesis; it inhibits facilitated but stimulates basal steroidogenes in Leydig cells, the latter in a calciumdependent mechanism (Midzak et al. 2006) . This is consistent with a role of mitochondria in cellular calcium homeostasis (Saotome et al., 2004) . In our experimental conditions, treatment of Leydig cells by BAPTA-AM, a calcium chelator, did not change effects of HBCDD on basal and hCG-supported steroidogenesis. Furthermore, cGMP is known to stimulate steroidogenesis via cGMP-protein kinase G signaling pathway (Andric et al., 2007) , but two lines of evidence also argue against involvement of this pathway in HBCCD action. First, 6 h HBCDD treatment did not cause any change in cGMP level in basal and hCG-supported cells. Second, HBCDD stimulatory effect on steroidogenesis was also visible in the presence of a PKG inhibitor. Cholesterol transport through transduceosome in basal conditions (Rone, 2010) should also be dependent on ΔΨm (Midzak et al., 2011) . It is possible that HBCDD induced drop in this potential facilitates basal cholesterol transport, leading to elevation in steroidogenesis. Because basal steroidogenesis is less than 10% of hCG-stimulated steroidogenesis, we speculate that such facilitation could not compensate for the cAMP-PKA-dependent transport of cholesterol in agonist-stimulated cells.
Previous experiments have shown that perfluorinated carboxylic acids, used as commercial wetting agents and flame retardants, reduces both in vivo and in vitro testosterone production by acting at the Leydig cells (Bookstaff et al., 1990; Boujrad et al., 2000) . Moreover, the data of Boujrad et al., (2000) showed that perfluorinated carboxylic acids inhibits hCG-stimulated steroidogenesis in immortalized mouse Leydig cells by affecting translocator protein mRNA stability, thus inhibiting its expression, cholesterol transport into mitochondria, and subsequent progesterone production. However, we have not observed a decrease in translocator protein mRNA transcript levels in HBCDD-treated rats. Similarly, the expression of Dax1, which protein is a negative regulator of Star expression (Jo and Stocco, 2004) , was not affected by the treatment. We also excluded a hypothesis that COX-2, an arachidonic acid metabolizing enzyme exhibiting constitutive inhibitory action on steroidogenesis (Wang et al., 2003) , is involved in HBCDD-dependent stimulation of androgen production, because in the presence of celecoxib, an inhibitor of COX-2, stimulatory effect was not abolished. Finally, further studies are needed to clarify the physiological role of inhibition of Scarb-1, which is responsible for selective cellular import of cholesterol from circulating high density lipoproteins (Rone et al., 2009) , and Ar, which also serves as an ultra short feed back loop in repressing steroidogenic gene expression (Eacker and Braun, 2007) .
In conclusion, in this study we have shown that HBCDD inhibits basal and hCG-supported synthesis of cAMP and therefore inhibiting PKA activation, which is a dominant pathway regulating steroidogenesis. Consequently, it caused downregulation of multiple genes involved in this process. HBCDD has a dual effect on in vitro steroidogenesis, stimulatory in the absence of hCG and inhibitory in the presence of hCG. We also showed that HBCDD affects ΔΨm, which provides a rationale for downregulation of cAMP production and cAMP-dependent steroidogenesis and gene expression, as well as for the ΔΨm-controlled cholesterol transport. Our experiments also argue against the contribution of HBCDDinduced inhibition of hCG-stimulated gene expression in acute effects on steroidogenesis, but pointed to further investigation on evaluation of expression of steroidogenic enzymes and related proteins and their activities during chronic exposure to HBCDD. In the presence of 22(R)-hydroxycholesterol HBCDD effects were abolished.
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